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ABSTRACT 
In this work, I propose a scheme about a single graphene nanoribbon (GNR) emitter in a microcavity, and 
focus on a fully-quantum-mechanical treatment model with the excitonic interaction included to investigate 
the photon properties and lasing action. When the single armchair-edged GNRs (AGNRs) microcavity 
system is pumped, the exciton-photon coupling provides more photons and enhances the photon emission 
process, making it essentially a lasing object. The theoretical results demonstrated that single AGNR in a 
semiconductor microcavity system maybe serve as a nanolaser with ultralow lasing threshold. 
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 1. Introduction 
In the past decade, considerable progress has been made in the fabrication of high-Q semiconductor 
microcavity with quasi-three-dimensional photon confinement and single nanostructure emitter[1-3]. In the 
context of quantum electrodynamics (QED) and single-photon source, the photon statistics and lasing 
properties of single nanostructure emitter interacting with the electromagnetic field of microcavity have 
received considerable interest[1-5]. Single nanostructure-based microcavity laser, in particular, the single 
quantum dot (QD) lasers proposed as the solid-state analog to the one-atom laser have been investigated 
both for fundamental aspects [1-3] and for applications [4,5]. On the other hand, since the successful 
fabrication and measurement of graphene[6,7], there have been intensive research on graphene-based 
nanostructures because of fundamental physics interests and promising applications[8]. Furthermore, a strip 
of graphenes e wide strip of referred to as graphene nanoribbons (GNRs) can be obtained by etching or 
patterning[9]. Recent advances in fabricating and characterizing stable GNRs[9-15] have opened the way to 
explore their various remarkable properties of these systems. In 2007, Cohen’s studies[11,15] have shown 
that the quasi-particle band gap of armchair-edged GNRs (AGNRs) is in the interesting energy range of 1-3 
eV for 2-1 nm wide GNRs due to many-electron effects and is therefore promising for optoelectronics 
applications. Since then, they were immediately recognized as one of the building blocks for nanophotonics. 
As a result, by placing a single AGNR in a high finesse external microcavity or fabricating a distributed 
Bragg reflector with high reflectivity, it is possible to achieve a single AGNR microcavity laser with 
ultralow lasing threshold. 
    In light of these issues above, in this work, I propose the single AGNR microcavity schematic 
structure and model, and examine the sense in which single AGNR in a microcavity can be regarded as a 
nanolaser. The outline of the paper is as follows. In the next section, I present the schematic structure of the 
single GNR microcavity system as well as the theoretical model with the excitonic interaction included in 
the Lindblad form. Section 3 shows the results about the photon emission of a single GNR in a microcavity 
system in both the strong-coupling regime and the weak coupling regime. Finally, in section 4, a conclusion 
of the results is drawn. 
 2. Theory and Model 
As a specific scheme illustration, the considered system is a single AGNR embedded into a semiconductor 
microcavity. The internal two sides of the cavity mirrors are separated by a distance which is of the 
multiple integer of the lasing wavelength. Inside the microcavity there is a single AGNR localized in a 
position which corresponds to most of the electromagnetic field. 
Since single-nanostructure-emitter laser, such as one-atom laser, single QD microcavity laser, etc., 
may operate with only a small number of photons in the lasing microcavity, quantum-mechnical processes 
may be occurring and a fully quantum-mechnical treatment including the quantization of the field must be 
used. In an atomic model for single QD microcavity system, one usually assumes lasing transition between 
two electronic configrations from an excited 1S state to a lower ground state. In the corresponding 
theoretical models, this coupling is described the Jaynes-Cummings Hamiltonian, and thereby such a single 
QD microcavity laser system have been mainly modeled with atomic models[4] that usually don’t include 
the excitonic interaction effect. Yet, for single AGNR in a microcavity, the analogy breaks down in several 
important respects, due to the reduced dimensionality effects and special quasi-particle band gap of AGNRs. 
To a good accuracy, in AGNRs the conduction and valence band states have pairwise equal wave functions 
and an excitonic carrier jump between lasing states is different from the atomic QDs[15]. The 
electromagnetic field can excite an electron of the valence band to the conduction band by creating a hole 
in the valence band. The electron and the hole interact by giving excitonic states [11,14,15]. The lasing 
transition is from an excited state to a lower ground state, and the excitonic state 1S which is the lowest 
bound state has the main oscillater strength[1,17]. For this reason, we could take into account only this state 
for the exciton-photon interaction. As a consequence, for a single AGNR with the strong quantum 
confinement effects, we should take excitonic interaction into account for the single AGNR in a 
microcavity system because of reduced dimensionality. 
In the dipole approximation, the effective linear Hamiltonian H for the exciton-photon coupling system 
in the cavity is H H kk with 
            c exc q q
q
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where the photon creation and annihilation operators for photons of electromagnetic fields of microcavity 
with a wave vector k are ak and ak , respectively; and the exciton creation and annihilation operators 
with a wave vector k are bk and bk , respectively; exck  is the transition frequency of the excitonic 
mode with a wave vector k ; ck is the cavity resonant frequency with a wave vector k , and the 
coupling constant of the exciton-photon interaction is thus given by 
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where f is the exciton oscillator strength, V the effective modal volume, m the free electron mass, e the 
electron charge, and 0 r   the dielectric constant; The parameter α, which represents the strength of the 
excitonic interaction, has the following expression [17,18] 
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where S is the quantization area; aB and Eex represent respectively excitonic Bohr radius and binding energy. 
The fourth term describes the effective exciton–exciton scattering due to Coulomb interaction. It should be 
noted that the value of the nonlinear excitonic parameter which describes the strength of the interaction 
between excitons can be estimated to be =0.01 and the details can be found in Ref. [16-18,22]. 
In the present case of single AGNR in a microcavity with a resonant excitation at normal excitation 
incidence pump (only 0k  direction), for the effective linear Hamiltonian H, we have 0H H  k . 
Therefore, in the following, the AGNR can be described as a two-level system with the ground 
state 0 and the singlet excitonic state E , where 0 00 0H E  for the ground state, and 
0 1H E E E  for the singlet excitonic state. The Hamiltonian is further given by 
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Now I’ll examine the sense in which single AGNR in a microcavity can be regarded as a nanolaser and 
work out the possible lasing effects. Given sufficiently strong exciton-photon coupling interaction between 
the AGNR and the electromagnetic field in the microcavity, light emission is either promoted when it 
resonates with a cavity eigenmode, or suppressed when it is off-resonant. The photonic and excitonic 
modes are quantified along the normal direction to the microcavity. Invariance by translation implies that 
the excitons with parallel wave vector K// can couple only with photons with parallel wave vectors k// = K//. 
This work deals only with the case of normal incident pumping mode irradiating the microcavity. Here the 
cavity reduces the spontaneous emission lifetime of the radiative transition, increasing the spontaneous 
emission rate. Here we’ve taken the excitonic spontaneous decay rate =1 ns
−1
 as a characteristic constant. 
The schematic energy level and exciton-photon coupling of single AGNR in a microcavity system is 
illustrated in Fig.1. 
Applying the standard methods of the quantum theory of damping, the master equation in the general 
Lindblad form can be governed by in the rotating frame [17-23], 
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where, Ldiss is the dissipation terms. The dissipations lead to nonunitary evolution given by [17-21] 
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where the excitonic spontaneous emission with the rate  as well as the cavity decay with the rate  are 
included, , and ΓL is the incoherent excitation pumping rate of the GNR. Specifically, the master equation 
(4) can be written as a first-order differential equations using the truncated basis set of joint number 
(photon)-exciton states  ENnn ,0;,,2,1,0,,    , where n denotes the photon number state, 
and α denotes the exciton state of AGNR. The master differential Equation (4) is solved using the Savage 
and Carmichael simulation method [18-21]. 
3.  Results and discussions 
Firstly, we investigate the dynamics of single GNR in a microcavity system. The mean photon number 
n  versus time evolution for different values of coupling strength g and pump L is shown in Fig. 2. As 
indicated in Fig. 2, increasing g or L decreases the time for the mean intracavity photon number to reach 
the steady-state. In order to achieve the possibility of lasing action for this single AGNR microcavity 
system, one needs to obtain the population inversion. For the fully-quantum mechanical treatment case, the 
inversion is given by 
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This happens when sufficient population inversion, and consequently net stimulated photon emission is 
achieved. Furthermore, mean photon number n  in a microcavity versus pump strength L for different 
coupling strength g is shown in Fig. 3. Here, we find that n  increases as the pump strength L is 
increased. The reason is that the pump increases the coherence between the lasing levels. This property 
behaves similarly to the one-atom laser [18,19,23]. It is seen that decreasing  increases the intracavity 
photon number, which also behaves similarly to the one-atom laser [18,19,21,23]. From the simulation 
results, experimentally speaking, we infer that it may be possible to achieve a GNR microcavity laser if 
g>4γ and the cavity is a suitable cavity with κ≤ γ. Under these conditions, the photon bottleneck is 
essentially broken up by resonance emission due to the coupling interaction. Moreover, the cavity field 
leads to much more photons than alone via excitonic spontaneous decay of AGNR, making the AGNR into 
a lasing emitter essentially in analog to one-atom laser or single QD microcavity laser[2-4,19]. We also 
find that it has something in common with microlasers, and a reduction of spontaneous emission into the 
lasing mode.  
Here, since only interested in the steady state properties, the semiclassical factorization of the density 
matrix is used for larger photon numbers. Semiclassically a laser is said to be at threshold when the 
pumping rate is just sufficient for photon production to balance the losses. As a result, it is possible to 
derive a semiclassical approximation for the mean photon number and the lasing inversion in steady state. 
Moreover, the expectation values of exciton and field operators are assumed to factorize, since the photon 
number in the present AGNR microcavity system is large enough. Solving the equations above, we find 
above the threshold 
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And the laser threshold pump rate is 
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threshold . Finally, the population inversion is given by 
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Laser threshold is reached if the mean number of photons in the lasing mode is more than one. At this 
critical point, stimulated emission overtakes spontaneous emission, and linear amplification is replaced by 
nonlinear laser oscillation. As indicated by Eqs. (8) and (9), since the excitonic parameter  is absent from 
both of the equations, the laser threshold is independent of , and laser threshold can be reached for all  
values considered. This means the single AGNR in a microcavity can serves as a nanolaser with ultralow 
threshold. Here, it is worth pointing out that the lasing photon spectrum should be dependent on the 
excitonic parameter . 
4.  Conclusion 
In summary, I have proposed a lasing model scheme about a single GNR in a microcavity with the 
excitonic interactions included and investigated the photon properties and lasing action. When the single 
AGNR microcavity system is pumped, the exciton-photon coupling provides more photons and enhances 
the photon emission process, making it essentially a lasing object. The theoretical results demonstrated that 
single AGNR in a semiconductor microcavity system maybe serve as a nanolaser with ultralow lasing 
threshold. 
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 Figure Captions 
 
Fig. 1. Schematic energy level and exciton-photon coupling of single AGNR in a microcavity. 
 
 
Fig.2. Mean photon number <n> versus time evolution for various values of  and ħg (from the bottom to 
the top) of 80eV(red), 400eV (green), and 500eV (blue), respectively, with γ= 1 ns
−1
, L =10 ns
−1
, and 
 = 0.1 ns
−1
. 
 
 
Fig.3. Mean photon number <n> versus pump rate L at various exciton-photon coupling strength ħg (from 
the bottom to the top) of 10eV (red), 50eV (green), 80eV (blue), 160eV (yellow), and 400eV (black), 
respectively, with γ= 1 ns-1. (a)  = 1 ns
−1
. (b)  = 0.1 ns
−1
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